Matrix metalloproteinase-9 (MMP-9) regulates platelet shedding of CD40L in abdominal sepsis. However, the signaling mechanisms controlling sepsis-induced shedding of CD40L from activated platelets remain elusive. Rac1 has been reported to regulate diverse functions in platelets; we hypothesized herein that Rac1 might regulate platelet shedding of CD40L in sepsis. The specific Rac1 inhibitor NSC23766 (N6-[2-[[4-(diethylamino)-1-methylbutyl] amino]-6-methyl-4-pyrimidinyl]-2 methyl-4, 6-quinolinediamine trihydrochloride) was administered to mice undergoing cecal ligation and puncture (CLP). Levels of CD40L and MMP-9 in plasma, platelets, and neutrophils were determined by use of ELISA, western blot, and confocal microscopy. Platelet depletion abolished the CLP-induced increase in plasma levels of CD40L. Rac1 activity was significantly increased in platelets from septic animals. Administration of NSC23766 abolished the CLP-induced enhancement of soluble CD40L levels in the plasma. Moreover, Rac1 inhibition completely inhibited proteinase-activated receptor-4-induced surface mobilization and secretion of CD40L in isolated platelets. CLP significantly increased plasma levels of MMP-9 and Rac1 activity in neutrophils. Treatment with NSC23766 markedly attenuated MMP-9 levels in the plasma from septic mice. In addition, Rac1 inhibition abolished chemokine-induced secretion of MMP-9 from isolated neutrophils. Finally, platelet shedding of CD40L was significantly reduced in response to stimulation with supernatants from activated MMP-9-deficient neutrophils compared with supernatants from wild-type neutrophils, indicating a direct role of neutrophil-derived MMP-9 in regulating platelet shedding of CD40L. Our novel data suggest that sepsis-induced platelet shedding of CD40L is dependent on Rac1 signaling. Rac1 controls surface mobilization of CD40L on activated platelets and MMP-9 secretion from neutrophils. Thus, our findings indicate that targeting Rac1 signaling might be a useful way to control pathologic elevations of CD40L in the systemic circulation in abdominal sepsis.
Management of patients with sepsis poses a major challenge to clinicians and is largely limited to supportive therapies. In fact, sepsis is still a significant cause of mortality in intensive care units, which is related to an incomplete knowledge about the pathophysiology in sepsis. [1] [2] [3] Intestinal perforation contaminates the abdominal cavity with toxins and microbes, evoking local formation of proinflammatory compounds, which can leak into the circulation causing a systemic inflammatory response. 4, 5 The lung is a sensitive and central target organ in polymicrobial sepsis. It is widely held that neutrophil infiltration is a rate-limiting step in septic lung damage. For example, inhibition of pulmonary accumulation of neutrophils by targeting specific adhesion molecules, such as CD11a, CD44, and CD162, has been shown to protect against septic lung injury. 4, 6, 7 Accumulating studies have shown that platelets also have an important role in regulating pulmonary recruitment of neutrophils in abdominal sepsis. 8, 9 For example, it has been reported that platelet-derived CD40L is a potent inducer of neutrophil infiltration in septic lung injury. 8 Soluble CD40L seems to induce increased plasma levels of CXC chemokines, which are potent stimulators of neutrophils. 8 We recently showed that matrix metalloproteinase-9 (MMP-9) is an important regulator of CD40L shedding from platelets in abdominal sepsis. 10 However, the detailed signaling mechanisms regulating sepsisinduced platelet secretion of CD40L are not known. Extracellular stress situations, such as ischemia and infection, trigger intracellular signaling cascades converging on specific transcription factors regulating gene expression of inflammatory mediators. 11, 12 This signal transmission is largely regulated by intracellular kinases phosphorylating downstream targets. 13 For example, small (B21 kDa) guanosine triphosphatases of the Ras-homologus (Rho) family, such as Rho A-C, Cdc42, and Rac1, are known to act as molecular switches regulating numerous important cellular functions. [14] [15] [16] Rac1 is a ubiquitously expressed signal transducer regulating numerous processes related to inflammatory reactions, such as cell adhesion, chemotaxis, vascular permeability, and cytoskeletal reorganization. 17, 18 Rac1 has been shown to be expressed in platelets and recent studies have demonstrated that Rac1 is essential for lamellipodia formation, granule secretion, clot retraction, and phospholipase Cg2 activation in platelets. [19] [20] [21] [22] [23] [24] Moreover, targeting Rac1 signaling has been demonstrated to exert anti-inflammatory effects in models of reperfusion injury, endotoxemia, acute pancreatitis, and sepsis. 17, [25] [26] [27] Based on the findings that Rac1 regulates pleiotropic functions of platelets and that Rac1 appears to have an important role in diverse models of inflammation, we hypothesized in the present study that Rac1 might be involved in the regulation of platelet shedding of CD40L in abdominal sepsis.
MATERIALS AND METHODS Animals
Experiments were performed using male C57BL/6 mice weighing 20-25 g. All experimental procedures were performed in accordance with the legislation on the protection of animals and were approved by the Regional Ethical Committee for Animal Experimentation at Lund University, Sweden. Animals were anesthetized by administration of 7.5 mg (intraperitoneally) ketamine hydrochloride (Hoffman-La Roche, Basel, Switzerland) and 2.5 mg (intraperitoneally xylazine (Janssen Pharmaceutica, Beerse, Belgium) per 100 g body weight.
Experimental Model of Sepsis Polymicrobial sepsis was provoked by ligating and puncturing the cecum in mice as previously described in detail. 28 Briefly, animals were anesthetized and the cecum was exteriorized and a ligature was placed below the ileocecal valve. The cecum was punctured two times with a 21-G needle. The cecum was then returned into the peritoneal cavity and the abdominal wall was closed with a suture. A platelet-depleting antibody directed against murine CD42b (GP1ba, rat IgG, 1.0 mg/kg; Emfret Analytics GmbH KG, Wurzburg, Germany) was given intraperitoneally 2 h before cecal ligation and puncture (CLP 
ELISA
Plasma and supernatant levels of soluble CD40L and plasma level of MMP-9 were assayed 6 h after induction of CLP by use of commercially available ELISA Kits (R&D Systems) using recombinant murine soluble CD40L and MMP-9 as standards.
Platelet Isolation and CD40L Shedding
Blood was collected in 1-ml syringes containing 0.1 ml of acid-citrate-dextrose anticoagulant, immediately diluted with equal volumes of modified Tyrode solution (1 mg/ml prostaglandin E 1 and 0.1 U/ml apyrase), and centrifuged at 200 g for 5 min at room temperature. Platelet-rich plasma was collected and centrifuged at 800 g for 15 min at room temperature, and pellets were resuspended in modified Tyrode solution. After being washed one more time at 10 000 g for 5 min, platelets were resuspended at a count of 0.5 Â 10 8 platelets per tube in Tyrode solution. Platelets were stimulated with proteinase-activated receptor-4 (PAR4) (200 mM) (thrombin receptor-activating peptide; Bachem, Weil am Rhein, Germany) at 37 1C with and without NSC23766 (10 and 100 mM). After stimulation, cells were immediately fixed by the addition of 0.5% paraformaldehyde, samples were centrifuged at 10 000 g for 10 min at 4 1C, and the soluble CD40L that was released was measured in the supernatant by ELISA, according to the manufacturer's protocol. In separate experiment, platelets from sham and CLP mice were isolated and lysed for active Rac1 pull-down assay and western blot was performed to measure the GTP-Rac1 as described below. For platelet confocal microscopy, 0.5 Â 10 6 isolated platelets were seeded onto a chamber slide coated with fibrinogen (20 mg/ml). Adherent platelets were stimulated with PAR4 (200 mM) at 37 1C with and without NSC23766 (10 mM) and fixed with 2% paraformaldehyde for 10 min, and then washed and blocked with 2% bovine serum albumin for 30 min, followed by incubation with a rabbit polyclonal primary antibody against MMP-9 (Abcam, Cambridge, MA, USA) for 1 h at room temperature. Chamber slides were washed and incubated with fluorescein isothiocyanate (FITC)-conjugated anti-rabbit secondary antibody (Cell Signaling Technology, Beverly, MA, USA) and platelet-specific phycoerythrin (PE)-conjugated anti-CD41 (clone MWReg30, integrin aIIb chain, and rat IgG1) for 1 h. Chamber slides are washed three times and confocal microscopy was performed using Meta 510 confocal microscopy (Carl Zeiss, Germany) by a Â 63 oil immersion objective (NA ¼ 1.25). FITC and PE were excited Rac1 and CD40L shedding R Hwaiz et al by 488 and 543 nm laser lines, corresponding emission wavelengths of FITC and PE were collected by the filters of 500-530 and 560-590 nm, respectively. The pinhole was B1 airy unit and the scanning frame was 512 Â 512 pixels. The fluorescent intensity was calculated by ZEN2009 software.
Neutrophil Isolation and MMP-9 Secretion
Bone marrow neutrophils were freshly extracted from femurs and tibias of healthy mice by aseptically flushing the bone marrow with the complete culture medium RPMI-1640 and then subsequently isolated by using magnetic beads; neutrophils were isolated from bone marrow using Anti-Ly-6G-Biotin and Anti-Biotin MicroBeads (Miltenyi Biotec) as per the manufacturer's instructions (neutrophils purity was over 93% as determined by flow cytometry). About 1 Â 10 6 neutrophils were preincubated with NSC23766 (10 mM) for 20 min before challenging with 0.3 mg/ml recombinant mouse CXCL2 (R&D Systems) or PBS as a control for 30 min at 37 1C. Cells were lysed for pull-down assay and western blot was used to detect GTP-Rac1 in neutrophils as described below. For confocal microscopy, freshly isolated 0.5 Â 10 6 neutrophils were resuspended in PBS-BSA-CaCl 2 buffer (PBS containing 0.2% BSA and 0.5 mM CaCl 2 ) and activated with mouse CXCL2 with and without NSC23766 (10 mM) as described above. Neutrophils were fixed with 2% paraformaldehyde and washed with PBS-BSA-CaCl 2 followed by permeabilization with PBS-BSA-CaCl 2 Saponin buffer (PBS-BSA-CaCl 2 buffer containing 0.01% (w/v) saponin) for 10 min on ice. After permeabilization, cells are incubated with rabbit polyclonal primary antibody against MMP-9 (Abcam) for 1 h on ice. Cells were washed and incubated with FITC-conjugated anti-rabbit secondary antibody (Cell Signaling Technology, Beverly, MA, USA) and PE-conjugated anti-Ly-6G antibody (clone 1A8, rat IgG2a; BD Pharmingen, San Jose, CA, USA), which selectively binds to neutrophils for 1 h on ice. After labeling, cells were washed three times with saponin buffer and allowed to settle down on chamber slides for confocal imaging as described above.
Pull-Down Assay and Western Blotting
Rac1 activity was determined by active Rac1 pull-down and detection kit using the protein binding domain of GST-PAK1, which binds with the GTP-bound form of Rac1 (Pierce Biotechnology, Rockford, IL, USA). Briefly, cells were resuspended in lysis buffer on ice, and then centrifuged at 16 000 g for 15 min; 10 ml from each supernatant was removed to measure the protein content using Pierce BCA Protein Assay Reagent (Pierce Biotechnology) and the rest of the volume was used for the pull-down assay. Supernatant containing equal amount of proteins were then diluted with 2 Â SDS sample buffer and boiled for 5 min. Proteins were separated using SDS-PAGE (10-12% gel). After transferring to a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA), blots were blocked with Tris-buffered saline/Tween-20 containing 3% bovine serum albumin at room temperature for 1 h, followed by incubation with an anti-Rac1 antibody (1:1000) at 4 1C overnight. Binding of the antibody was detected using peroxidase-conjugated anti-mouse antibody (1:100 000; Pierce Biotechnology) at room temperature for 2 h and developed by Immun-Star WesternC Chemiluminescence Kit (Bio-Rad). Total Rac1 was used as a loading control. To measure the MMP-9 level in the plasma, 20 mg of plasma was loaded onto an SDS-polyacrylamide gel for electrophoresis, and then transferred onto immunoblot membranes. The membranes were blocked with Tris-buffered saline/Tween-20 containing 5% non-fat milk for 1 h, and incubated with an anti-MMP-9 antibody (Abcam) at 4 1C over night. The membranes were then washed three times, and incubated with a horseradish peroxidase-coupled secondary antibody (Cell Signaling Technology) for 2 h. Blots were again washed three times, and developed with the Immun-Star WesternC Chemiluminescence Kit (Bio-Rad). b-Actin was used as a loading control.
Flow Cytometry
For the analysis of platelet depletion, blood was collected into syringes containing 1:10 acid citrate dextrose at 6 h after CLP induction. Immediately after collection, blood samples were incubated with an anti-CD16/CD32 antibody for 10 min at room temperature to reduce non-specific binding of labeled antibody with Fcg III/II receptors. Neutrophils were labeled with PE-conjugated anti-Ly-6G and platelets were labeled with FITC-conjugated anti-CD41 (clone MWReg30, integrin aIIb chain, and rat IgG1) antibodies and plotted as FL1 versus FL2 to determine the percentage of platelet depletion in the upper-right and lower-right area of the quadrant plot. For the purity of magnetically isolated neutrophils, we were first incubated with an anti-CD16/CD32 antibody for 10 min and then stained with PE-conjugated anti-Ly-6G and FITC-conjugated anti-Mac-1 (clone M1/70, integrin aM chain, and rat IgG2b) antibodies. All antibodies, except where indicated, were purchased from eBioscience (San Diego, CA, USA). Flow cytometric analysis was performed according to standard settings on a FACScalibur flow cytometer (Becton-Dickinson, Mountain View, CA, USA) and a viable gate was used to exclude dead and fragmented cells.
In vitro Shedding of Platelet-Derived CD40L Neutrophils from wild-type and MMP-9 gene-deficient mice were isolated as described above and a total of 1 Â 10 6 wildtype and MMP-9 gene-deficient neutrophils per tube were incubated with 0.3 mg/ml recombinant mouse CXCL2 separately (R&D Systems) for 30 min at 37 1C. After stimulation, samples were centrifuged at 10 000 g for 5 min at 4 1C and supernatants were collected for further use. At the same time, platelets from MMP-9 gene-deficient mice were isolated as described above. Platelets were resuspended at a count of 0. 
RESULTS

Rac1 Activity in Platelets
We first examined Rac1 activity (Rac1-GTP) in platelets.
We observed that CLP increased Rac1-GTP levels in septic platelets compared with platelets from sham animals, showing that Rac1 is activated in platelets in septic animals (Figures 1a and b) . Notably, administration of the Rac1 inhibitor NSC23766 abolished CLP-induced Rac1 activation in platelets (Figures 1a and b) .
Rac1 Regulates Platelet Shedding of CD40L
CLP caused a 26-fold increase in the plasma levels of CD40L, that is, from 0.09 ± 0.02 to 2.40 ± 0.30 ng/ml (Figure 2a) . Administration of the anti-GP1ba antibody reduced systemic platelet counts by more than 85% in CLP animals ( Figure 2b ). Interestingly, we found that platelet depletion decreased plasma levels of CD40L by more than 95% in septic mice (Figure 2a) . Administration of NSC23766 in control mice had no effect on plasma levels of soluble CD40L (Figure 2a ). In contrast, we found that treatment with NSC23766 reduced soluble levels of CD40L in the plasma from septic mice from 2.40 ± 0.30 down to 0.145 ± 0.02 ng/ ml, corresponding to a 98% reduction (Figure 2a) . To determine the direct role of Rac1 in regulating platelet expression and secretion of CD40L, isolated platelets were stimulated with PAR4 in vitro. It was found that PAR4 markedly increased surface expression of CD40L on platelets (Figures 2c and d) . Notably, preincubation with NSC237666 significantly decreased PAR4-induced surface mobilization of CD40L on platelets (Figures 2c and d) . Moreover, we found that PAR4 caused substantial secretion of CD40L from platelets and that NSC23766 dose-dependently reduced PAR4-induced platelet secretion of CD40L (Figure 2e ). For example, 100 mM of NSC23766 decreased PAR4-induced platelet secretion of CD40L by 76% (Figure 2e ).
Rac1 Activity in Isolated Neutrophils
Neutrophils were isolated from bone marrow as described in Materials and Methods section and Rac1 activity was analyzed by western blotting. We found that CXCL2 stimulation markedly increased Rac1 activity in neutrophils and that preincubation with NSC23766 abolished the CXCL2-evoked activation of Rac1 in neutrophils (Figures 3a  and b ).
Rac1 Regulates Neutrophil Secretion of MMP-9
We have recently shown that MMP-9 regulates platelet shedding of CD40L 10 and it was therefore of interest to examine the role of Rac1 in neutrophil secretion of MMP-9 in sepsis. Using ELISA, we found that CLP increased plasma levels of MMP-9 and the administration of NSC23766 decreased CLP-induced plasma levels of MMP-9 by 50% (Figure 4a) . Moreover, by use of western blot, it was found that MMP-9 expression in the plasma was significantly enhanced in septic animals (Figures 4b and c) . Treatment with NSC23766 markedly reduced sepsis-provoked plasma expression of MMP-9 (Figures 4b and c) . Knowing that neutrophils are a major source of MMP-9, 29 we next analyzed MMP-9 (Figures 5a  and b) . Notably, preincubation with NSC23766 completely inhibited MMP-9 secretion and maintained normal levels of MMP-9 in neutrophils exposed to CXCL2 (Figures 5a  and b) .
Neutrophil-Derived MMP-9 Regulates Platelet Shedding of CD40L
We used MMP-9 gene-deficient mice to determine the role of neutrophil-derived MMP-9 in regulating platelet shedding of CD40L. Stimulation with PAR4 was used to mobilize CD40L on the surface of MMP-9-deficient platelets. It was found that supernatant from wild-type neutrophils stimulated with CXCL2 increased the shedding of surface expressed CD40L from MMP-9-deficient platelets from 0.02 ± 0.0 up to 1.4 ± 0.08 ng/ml, corresponding to a 53-fold increase compared with control ( Figure 6 ). Incubation of MMP-9-deficient platelets with supernatants from MMP-9 gene-deficient neutrophils stimulated with CXCL2 caused a significantly lower level of CD40L shedding ( Figure 6 ). Stimulation with PAR4 significantly enhanced shedding of CD40L from MMP-9-deficient platelets by 28-fold compared with control ( Figure 6 ).
DISCUSSION
This study demonstrates that sepsis-induced platelet shedding of CD40L is dependent on Rac1 signaling. We found that Rac1 might regulate sepsis-induced plasma levels of CD40L at two distinct levels, that is, on one hand Rac1 controls surface mobilization of CD40L on activated platelets and on the other hand Rac1 regulates MMP-9 secretion from neutrophils. Taken together, our data suggest that Rac1 signaling coordinates multiple events leading to increased plasma levels of soluble CD40L in abdominal sepsis. Accumulating data suggest that platelets exert multiple effects beyond promoting hemostasis such as proinflammatory actions. For example, it has been reported that platelets have a key role in polymicrobial sepsis by potentiating neutrophil recruitment to the lung in a contact-independent manner. 30 Platelets contain numerous proinflammatory substances including chemokines and cytokines. 31, 32 We have demonstrated that platelet-dependent pulmonary infiltration of neutrophils is mediated by soluble CD40L released from platelets in abdominal sepsis. 8 In support of a role of CD40L in sepsis, elevated plasma levels of soluble CD40L have been observed in patients with sepsis. 33, 34 However, the specific signaling mechanisms regulating platelet shedding of CD40L in sepsis are not known. In the present study, we found that Rac1 activity was increased in platelets from septic mice. We therefore asked whether Rac1 activity might regulate platelet shedding of CD40L. It was found that platelet depletion abolished the sepsis-induced increase of CD40L levels in the plasma, suggesting that platelets are the dominating source of soluble CD40L in sepsis, which is in line with our previous findings. 10 Interestingly, we also found that NSC23766 completely inhibited the CLP-provoked enhancement of plasma levels of CD40L, indicating that Rac1 is an important regulator of platelet shedding of CD40L in abdominal sepsis. Moreover, NSC23766 also abolished PAR4-induced surface expression and shedding of CD40L in isolated platelets in vitro, supporting the notion that Rac1 controls CD40L secretion from platelets. In this context, it is interesting to note that NSC23766 was recently shown to inhibit agonistinduced mobilization of P-selectin in platelets. 19 Knowing that both CD40L and P-selectin are localized in the Rac1 and CD40L shedding R Hwaiz et al membrane of a-granules in platelets, these findings suggest that Rac1 might be involved in the secretion of a-granules in platelets. The MMP family of proteases is generally considered to regulate degradation and formation of the extracellular matrix, but overwhelming data in the literature also implicate MMPs in several features of inflammatory reactions by regulating cleavage and shedding of surface molecules. 35, 36 In fact, several studies have indicated that MMP-9 might have an important role in sepsis. 8, 37 One mechanism by which MMP-9 regulate proinflammatory actions in sepsis appears to be related to platelet shedding of CD40L. 10 Using both ELISA and western blot, we observed herein that plasma levels of MMP-9 were increased in abdominal sepsis. This finding is in accordance with other investigations showing enhanced MMP-9 levels in the circulation of sepsis and infectious disease models, [37] [38] [39] as well as in patients with sepsis. 10, 40 Notably, it was observed that administration of NSC23766 significantly decreased the sepsis-induced increase of MMP-9 levels in plasma, indicating that Rac1 might be an important regulator of systemic levels of MMP-9 in abdominal sepsis. It should be mentioned that two studies have reported that MMP-2 might promote platelet release of CD40L in vitro, 41, 42 but levels of MMP-2 in the plasma are not elevated in abdominal sepsis. 10 The potential presence of MMP-9 in platelets has been a controversial subject in the literature. Some authors have reported that platelets do not contain significant amount of MMP-9, 43, 44 whereas others have shown that platelets do contain MMP-9. [45] [46] [47] Nonetheless, it is well accepted that neutrophils are a rich source of MMP-9. 29, 48 We therefore asked whether Rac1 might have a role in MMP-9 secretion from neutrophils. It was found that stimulation with the neutrophil chemoattractant CXCL2 caused a significant increase in Rac1 activity in neutrophils. Using confocal microscopy, we observed clearcut levels of MMP-9 in isolated neutrophils and that CXCL2 challenge decreased neutrophil content of MMP-9, suggesting that CXCL2 stimulates MMP-9 secretion from neutrophils. Interestingly, we found that administration of NSC23766 completely inhibited CXCL2-induced secretion of MMP-9 in neutrophils, indicating that Rac1 regulates neutrophil secretion of MMP-9. Moreover, we found that supernatant from wild-type neutrophils stimulated with CXCL2 caused significant shedding of CD40L from MMP-9-deficient platelets. In contrast, supernatant from MMP-9 gene-deficient neutrophils stimulated with CXCL2 triggered significantly less CD40L shedding from MMP-9-deficient platelets, indicating that neutrophilderived MMP-9 is a potent regulator of platelet shedding of CD40L. In this context, it is interesting to note that PAR4 alone caused significant shedding of CD40L from MMP-9-deficient platelets, suggesting that MMP-9-independent mechanisms could also be involved in platelet shedding of CD40L.
It should be mentioned that our present findings are limited to mice and one must be careful when extrapolating findings in experimental sepsis to human sepsis, considering significant differences in age and comorbidity between mice and humans. In addition, Rac1 is an important protein in intracellular signaling [49] [50] [51] and risks of potential side effects should be considered. Therefore, further studies in human materials on the role of Rac1 for MMP-9 secretion and platelet shedding of CD40L are needed.
Taken together, these findings indicate that Rac1 activity is increased in platelets and regulates platelet shedding of CD40L in polymicrobial sepsis. Moreover, these results suggest that Rac1 signaling controls circulating levels of MMP-9 in sepsis and that Rac1 regulate neutrophil secretion of MMP-9. Thus, our data indicate that inhibition of Rac1 signaling might be a useful target to control pathologic secretion and shedding of CD40L into the systemic circulation in abdominal sepsis. 
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